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To determine the effects of vitamin C and insulin on osteoblasts harvested from neonatal mouse 
calvaria. To determine the effects of experimental media (vitamin C and insulin and a 
combination) on the ex-vivo live bone organ culture model and explore the capacity of addition 
of osteoblasts to allow for bone formation within a critical defect. To use the chick 
chorioallantoic membrane (CAM) model to explore bone formation within critical bone defect.  
 
Methods:  
Osteoblasts were harvested from neonatal mice were tested using four types of experimental 
media: control DMEM, media prepared with 150 µg/ml vitamin C, 10 nM media, or a 
combination of both vitamin C, insulin, and a combination of vitamin C and insulin media. Cell 
were cultured for 18 days at 37°C. Neutral red was done to identify cellular activity and silver 
nitrate to detect calcium deposits. Two types of scaffolds were inserted into the defect: collagen 





were collected for histological analysis. Neonatal mouse calvaria were harvested and a 2mm 
critical defect made on each calvaria. Each calvaria received a scaffold of collagen or NuOss 
with or without osteoblasts with one of three experimental media within the CAM model. After 7 
days, the amnion membrane of the egg was dropped and a window was made. The calvaria with 
the scaffold samples were placed on the amnion membrane. The eggs were incubated for 10 days 




Neutral red and silver nitrate of 2D in-vitro cells revealed calcium deposits in culture well using 
vitamin C media, cell cultured with insulin media showed calcium deposits and cell 
morphological change, and cell cultured with a combination of vitamin C and insulin media 
showed the most calcium deposits and morphological changed. Ex-Vivo samples with collagen 
scaffold had bone thickening but not enough nutrients for bone regeneration, despite the addition 
of cells. The collagen scaffold is a more suitable material than xenograft due to particle size. The 
CAM model showed new bone formation and new vessels were most abundant in areas closest to 
lining cells in collagen samples. Samples with additional osteoblasts added showed greater 
results. NuOss scaffold samples did not show the same bone formation or vessel growth. 
 
Conclusions: 
The results indicate and confirm the basic principles of tissue engineering. In order to have bone 





should have stability as well as enough space for cellular migration and recruitment for new 
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Bone is a critically important living mineralized connective tissue. It stores calcium and 
phosphate and provides primary mechanical role such as supporting and protecting soft tissue. 
The rigidity of bone is due to its mineral phase which consists primarily of calcium 
hydroxyapatite. Mechanical and physiological changes to environment allow for bone 
adaptation. Bone is able to withstand compressive forces because of its dense outer cortical or 
compact layer which makes up 80% of total bone mass. The remaining 20% of mass is made of 
interior trabecular or cancellous bone that is very vascular and contains a network of spicules and 
supports shifts in weight distribution. Bone can form different shapes and sizes according to its 
function including long, short, flat, irregular, and sesamoid. There are three types of patterns of 
bone development: membranous, cartilaginous and membrocartilaginous bones1.  
Periosteum is an outer fibrous membrane covering of the bone surface consisting of the 
outermost fibrous layer with fibroblasts and collagen bundles. The periosteum’s function is to 
separate the bone from adjacent tissues and nourish compact bone through its network of blood 
vessels, nerves, and lymphatic vessels. While the outer surface is covered with periosteum, the 
inner surface of bony tissue is covered with endosteum. It is within this thin membrane that bone 
growth, repair, and remodels. The endosteum is a one cellular layer membrane that covers the 






Figure 1: Periosteum vs Endosteum 
Cartoon of the periosteum and endosteum. The outside of the bone is covered by periosteum 







Bone tissue has four types of cells, each with their distinct function, location and origin. 
Although bone typically appears to be a stable and strong organ, it is undergoing constant active 
change through its osteocytes, osteoblasts, osteoclasts and bone lining cells. Osetoblasts and 
osteoclasts are constantly building and breaking down bone in order to maintain homeostasis. 
These two cells along with other bone cells, osteocytes and bone lining cells, have important 
roles in coupling resorption and formation in bone remodeling.  
Bone Cells 
Osteoblasts are bone forming cells involved in both intramembranous and endochondral bone 
ossification. They are mononucleated cells derived from osteoprogenitor stem cells located in the 
bone marrow. Osteoblasts are key for the formation of bone and calcification of bone matrixes 
via cells that excrete type I collagen, osteopontin, osteocalcin and bone sialoprotein. In addition 
to their role in homeostasis, osteoblasts cause alkaline phosphatase enzyme generation during the 
process of bone mineralization3. 
Osteocytes are found in small lacunae within mineralized bone. These cells make up to 90% of 
all bone cells and are a terminally differentiated osteoblasts derived from mesenchymal stem 
cells lineage. They develop a complex network within the calcified matrix of bone via 
cytoplasmic projections within canaliculi. The canaliculi connect the bone lining cells and other 
osteocytes.  Osteocytes act as regulators of phosphate metabolism via a mechano- sensor in the 






Bone lining cells are inactive osteoblasts that cover the bone surfaces and regulate the passage 
of calcium in and out of the bone. Neither bone resorption nor bone formation occurs on the 
surface of the bone. Bone lining cells prevent the direct interaction between osteoclasts and bone 
matrix to prevent resorption where it should not occur. They react to hormones by creating 
osteoprotegerin (OPG), a special protein that activates osteoclasts crucial factors for 
osteoclastogenesis2. 
Osteoclasts are formed by the fusion of monocytes-macrophage cells. They originate from 
mononuclear cells of the hematopoietic stem cell lineage and are terminally differentiated 
multinucleated giant cells. Osteoclast resorb bone and through cytokine activity they influence 
other cells. Excess Osteoclastic activity that disrupts cellular homeostasis causes bone diseases 
such as osteoporosis. Osteoporosis is a disease of reduced bone density and loss of bone mass 
that can lead to an increased risk of bone fractures. Other pathologic conditions including cancer 
cell metastases to bone and inflammatory arthritis lead to abnormal osteoclast activation 






Figure 2: Bone Cell Origin and Locations 
Cartoon of the four types of bone cells. Osteoblasts are from a mesenchymal precursor cell and 
form bone. Osteocytes are terminally differentiated OB within mineralized bone. Bone lining 
cells are inactive OB on the bone surface. Osteoclasts are hematopoietic in origin and resorb 







Initial bone formation starts during the fetal stage of development by two process: 
intramembranous ossification and endochondral ossification.  Intramembranous ossification 
forms the flat bones of the skull, mandible, maxilla, and clavicles They are formed directly from 
mesenchymal cells rather than from cartilage. In intramembranous ossification, osteoblasts 
secrete un-mineralized bone matrix, called osteoid, which calcifies entrapping the osteoblasts. 
Once trapped, osteoblasts develop into osteocytes. New osteoblasts are formed from osteogenic 
cells within the surrounding connective tissue. The periosteum is formed from the surface of 
spongy bone. Trabecular matrix forms from osteoid secreted around capillaries. Once the thin 
layer of periosteum forms it can then produce a protective layer of compact bone that lies 
superficial to the trabecular bone4. 
The second process is endochondral ossification. Endochondral ossification develops bone by 
replacing a pattern of hyaline cartilage with bone. It takes much longer than intramembranous 
ossification due to chondrocytes needing to form the cartilage matrix that then mineralizes and is 
later resorbed and replaced by osteoblastic bone formation. Bones formed by endochondral 
ossification are the base of the skull and long bones4. 
Bone remodeling 
Bone remodeling is a highly complex cycle that is achieved by the combined actions of 
osteoblasts, osteocytes, osteoclasts, and bone lining cells controlled both local and systemic 





proceeds to bone formation and has an intermediate transition phase. In order to maintain the 
integrity of the skeletal system, resorption and formation are closely monitored. In health and 
homeostasis, a phase of bone resorption is closely followed by new bone formation, except in the 
presence of disease2,5 
The initial phase of remodeling begins with the precursor cells of osteoblast and osteoclast 
interacting to differentiate osteoclasts and drive their movement. In order to initiate resorption 
the osteoclast needs to attach to the bony surface. The new presence of the osteoclasts causes 
contractions of lining cells, exposing the mineralized surface. “Howship lacunae” are formed 
from the proteolytic activity that causes an irregular surface on the bone. The process and 
completion of the resorption phase causes a release of collagen and growth factors which in turn 
initiate the formation phase. Remodeling occurs via osteoblasts filling the previously created 
irregular cavity with new layers osteoblasts which deposit a matrix that is further mineralized5. 
Bone regeneration 
Although bone is able to adapt to injury with a substantial ability to regenerate and heal itself, 
ideal environments for healing are not always readily available. Within an ideal environment 
bone tissue typically will heal spontaneously to shapes and sizes equal to its forms prior to 
injury. In the absence of ideal environments due to uncontrolled infection, insufficient 
vascularity, malnutrition, or mobility natural bone healing is limited and impaired. 
Immobilization of fracture and adequate nutrition has been recognized as essential elements in 
bone fracture healing. A less than ideal environment while healing can lead to osteosynthesis and 





and bone substitutes can be used to accelerate and improve the healing course when suboptimal 
situations occur6. 
Primary and secondary bone healing are two main types of healing within bony tissue. Primary 
or direct bone healing requires a fracture gap of less than 0.1mm. The fracture must be firmly 
stabilized to allow the bone gap to be filled via Haversian remodeling and ossification7. Some 
debate remains about direct healing due to lack of histological8 evidence or clinical cases9 
showing a lack of cartilaginous or connective tissue involvement. Indirect or secondary bone 
healing occurs when the fractured edges are less than twice the diameter of the injured bone8. 
Examples of indirect bone healing includes blood clotting, bone remodeling, and fibrocartilage 
callus formation. Anabolic activity in bone repair is stimulated by growing bone volume by 
engaging stem cells differentiation10,11.  Indirect bone healing phases are anabolic and catabolic. 
The anabolic phase is typically extended where bone formation occurs to allow for bridging of 
the injury and an excess formation of bone allowing for an increase in vascular response. 
Catabolic phase or bone resorption occurs when the vascular bed increases and vascular flow rate 
returns to pre-injury level and the excess bone is remodeled down to pre-injury shape12,13.  A 
critical bone defect is a segment of bone which is a large bony defect caused by trauma, disease, 
or surgery. A critical defect has a negative effect on tissue differentiation as well as 
revascularization. Without adequate intervention a critical defect will not heal on its own14. The 
typical description of critical bone defect is ‘the smallest osseous defect in a particular bone and 
species of animal that will not heal spontaneously during the lifetime of the animal15,16. 
In order to repair and create a healing environment for a critical defect, bone graft substitutes 
combined with mechanical support is needed to allow for osteo-regeneration. Materials and local 





stability of the wound in order to support bone growth, allowing channels and blood vessels to 
be formed in the site. Cells from the defect margin can also be grafted into the defect to act as 
framework and for cell signaling. Osteoinduction is the local area stimulating osteoprogenitor 
cells to become osteoblasts and begin bone regeneration phase. Osteogenesis is new bone 
formation via osteoblast within the grafted area16. 
Collagen membrane 
Collagen membranes have been useful to the medical and dental fields because of their 
biocompatibility and enhancement of wound healing17. The principal element found in human 
body and specifically in periodontal connective tissue is Type I collagen. Collagen materials also 
have additional advantages such as hemostasis, chemotaxis for fibroblasts18,19 and weak 
immunogenicity20, ease of use, and ability to increase tissue thickness. Collagen membranes 
have a history of usage within the periodontal field with bone graft substitutes and have shown 
increased clinical results21.  
Insulin 
Insulin hormone is a protein consisting polypeptide chains A and B. Chain A is 21 amino acids 
residues and chain B is 30 amino acid residues linked by disulphide bridges. A and B chains 
connected by C chain which is released along with insulin after breakdown of proinsulin (Figure 





production of glucose and lipolysis process.22,23
 
Figure 3: Chemical Structure of Insulin 
 
Studies investigating rat models of diabetes have shown unfavorable effects of insulin 
insufficiency on the biomechanical properties of bone24. Hypoinsulinemia in rat can cause 
inadequate bone integrity. Studies on bone strength in type 1 diabetes models have shown that 
decreased insulin level in diabetes have a negative effect on bone structure and health24,25. 
Decreased insulin level in type 1 diabetes or insulin resistance in type 2 diabetes , are both linked 
to complications for skeletal well-being24. Type 1 diabetics have long duration of hypoinsulin 
environments which have been linked to reduction in bone density, increased risk of 
osteoporosis, increase risk of bone fractures, and reduced ability to regenerate adequate bone 





and insulin resistance. Patient showing hyperinsulinemia showed an increased bone density. 
Researchers have studied bone healing and regeneration examining T1DM rat models. Control of 
local blood sugar is linked to insulin abundance and has been shown to be associated with bone 
integrity and fracture healing in type 1 diabetes rodent models24,26. Rats with poor glycemic 
control had noticeable defects in mineralization which remained deficient 6 weeks after fracture. 
Rats who had properly controlled glycemic levels had improved fracture healing. From this 
study, insulin may have a role in stimulating osteoblast differentiation. Data from studies showed 
insulin might work to stimulate osteoblast differentiation and function which might increase 
osteocalcin secretion, the osteoblast-secreted peptide can stimulate β cell proliferation and 
skeletal muscle sensitivity to insulin. Exposure of primary osteoblast to physiological level of 
insulin elevates bone anabolic markers including collagen synthesis25,27. Pre-osteoblast and 
osteoblast expressed different insulin receptor (IR) isoforms, with IRA being expressed in pre-
osteoblast and IRB in mature osteoblast. This specifically imply that insulin is an important 
element in osteoblast differentiation from bone marrow stromal cells23,25. In addition, studies 
have shown osteoblasts incubated with insulin have additional collagen production and bone 
mineralization28-31. 
NuOss CollagenTM Xenograft with Collagen  
NuOss Xenograft is a combination of anorganic cancellous bone mineral granules and about 5% 
bovine collagen fibers. The anorganic bone matrix of NuOss collagen is a natural, porous bone 
mineral matrix. It is produced by removal of all organic components from bovine bone. The 
anorganic bone mineral of NuOss collagen is physically and chemically comparable to the 





and microscopic structures similar to human bone and the formation and ingrowth of new bone 
at the implantation site is favored, due to its trabecular architecture, interconnecting macro and 
micro pores and its natural consistency. The handling of the bone mineral particles held in place 
by collagen fibers acts to hold the NuOss collagen at the desired place and the consistency of the 
material readily allows it to take the shape of any defect. Clinical uses of NuOss collagen 
recommended by the manufacturer is as follows:  augmentation or reconstructive treatment of 
the alveolar ridge, filling of infrabony periodontal defects,  after root resection, apicoectomy, 
filling of extraction sockets to enhance preservation of the alveolar ridge, elevation of the 
maxillary sinus floor, filling of periodontal defects in conjunction with products intended for 
Guided Tissue Regeneration and Guided Bone Regeneration. NuOss collagen is available in 
block form with collagen containing the xenograft particles32. 
In-Vitro Two-Dimensional (2D) Cell Culture System 
Many two-dimensional (2D) cell cultures systems have been developed to investigate bone 
formation, resorption, and remodeling. However, the lack of extracellular matrix (ECM) and 
cell- matrix interaction in native tissues has an adverse impact by deviating from in vivo 
conditions which result in possible changes in cell phenotype and expression. The resulting 
inconsistent data may be less reliable which limits translation to clinical application. Two-
dimensional cell culture typically pinpoints one compound and focuses the experiment in that 






In-Vitro Three-Dimensional (3D) Cell Culture System 
An elevated metal grid system with neonatal mice calvaria has been used within our lab by 
previous researchers to study the effects of cancer biology and metastasis when cancer cells are 
grown on the bottom of the culture dish (Figure 4). 
 





In-Vivo Animal Studies 
Healing of bone defect is a way of rebuilding of bone tissue. Under the optimal physiological 
conditions, most of bone defects heal spontaneously because of the ability of bone tissue to 
regenerate. However, this is a slow process and time consuming due to the decreased blood 
supply to the defect area and insufficient minerals like calcium and phosphorus that needed for 
new bone tissue to calcify35. Critical bone defects are hard to heal spontaneously without 
intervention and lead to poor healing prognosis with non-union bone healing due to hormonal 
disturbances, nutritional deficiencies, unfavorable wound environment, metabolic diseases and 
stress36. Different biomaterials and techniques were examined thoroughly to overcome the 
healing complications and reduce the healing time needed. Bone graft biomaterials are widely 
used in treating and managing large bone defects. Existing treatment modalities include 
autograft, allograft, xenograft and synthetic. Though the gold standard for treating critically sized 
defect is autografts, it has multiple drawbacks such as limited donor site, morbidity, pain, and 
hemorrhage. Allograft is widely used because of its availability; however, it has disadvantages 
like the risk of infection, immune mediated rejection and less biological properties compared to 
autografts. Developing and enhancing new bone substitutes which are made from natural or 
synthetic materials to overcome the limitations of autograft and allograft are necessary. Different 
animals test models are being used to replicate human in vivo environment and conditions to 
study the accessibility and comparability of bone substitutes, such as rat, mouse, dog, rabbit, 
sheep, goat and pig models. In these models, the researchers created different defect sites like 
calvaria, femora and ulna to imitate a range of orthopedic conditions. However, many conducted 





Despite the more recent arrival of several vertebrate and invertebrate animal models during the 
last century, the chick embryo remains a commonly used model for vertebrate biology and 
provides a tractable biological template. Chick embryo is successfully used in discovery of 
normal development and elusive disease processes. Moreover, progress in imaging and chick 
culture technologies is advancing real-time visualization of dynamic biological events37. 
Proposed Experimental Development  
From previously stated studies, it is unclear the exact role of ascorbic acid (Vitamin C) and 
insulin in a 2D cell culture is unclear in a 2D cell culture environment. The nature of the impact 
both insulin and vitamin C play in the mineralization and formation of osteoid is not immediately 
clear in relation to harvested osteoblasts. Once this role is established within a 2D cell culture in-
vitro then it can be applied to explore the capacity of matrix formation within a 3D scaffold of 
osteoblasts in-vitro.    The scaffold then can be applied and tested within a critical defect. The 
role of insulin and ascorbic acid can then be further determined within a novel calvaria bone 
model to see the difference in bone reformation. To further bridge the gap, the model can then be 
placed within the aforementioned chick embryo to more closely replicate organic events.   This is 






HYPOTHESIS AND SPECIFIC AIMS 
1. Evaluate the role of osteoblast activity by exposure to ascorbic acid, insulin, and 
combination of the two in a two-dimensional in-vitro microenvironment  
2. Evaluate the bone healing of critical defects in neonatal mouse calvaria using 
commercially available and clinically used collagen membrane, freeze dried bone 
allograft with and without seeded osteoblasts in a three-dimensional ex-vivo organ 
culture. 
3. Evaluate the bone healing of critical defects in neonatal mouse calvaria using 
commercially available and clinically used collagen membrane, freeze dried bone 







MATERIAL AND METHODS 
Media Used for Cell and Organ Culture 
Alpha MEM (aMEM) 
Two types of media were used in accordance with established guidelines and previous research 
protocol for organ culture. Minimum Essential Medium Eagle - Alpha Modification (aMEM) is 
used for osteoblasts culture. aMEM is a modification of minimum essential media contains non-
essential amino acids, sodium pyruvate, lipoic acid, vitamin B12, biotin, and ascorbic acid. In the 
experimental conditions used (presence of ascorbic acid, sodium beta-glycerophosphate and 
dexamethasone in the primary and secondary cultures), osteoblastic differentiation was observed 
in the first and second subcultures grown in aMEM.38  Experimental aMEM media was 
supplemented with vitamin C 1 mM and 1% Penicillin-streptomycin solution (5000 units/ml 
penicillin, 5 mg/ml streptomycin, Sigma). 
Dulbecco's Modified Eagle Medium (DMEM) 
DMEM contains 4 times the concentration of amino acids and vitamins compared to original 
Eagle's Minimal Essential Medium. DMEM was originally formulated with low glucose (1 g/L) 
and sodium pyruvate. DMEM contains no proteins, lipids, or growth factors. Therefore, DMEM 
requires supplementation, commonly with 10% Fetal Bovine Serum (FBS). DMEM uses a 
sodium bicarbonate buffer system (3.7 g/L), Due to its need for supplementation, experimental 
conditions and factors can be controlled and monitored for the duration of the research and 
requires a 5–10% CO2 environment to maintain physiological pH. Experimental DMEM media 
was supplemented with vitamin C and 1% PenStrep, or insulin with 1% PenStrep, or a 





Fetal Bovine Serum 
Fetal bovine serum (FBS) is harvested from fetal calves. It contains clotted blood which is 
processed to remove fibrin and clotting factors while leaving the nutritional factors needed for 
cell growth. The Growth factors contained in FBS are essential for the maintenance and growth 
of cultured cells. Fetal serum contains more growth factors and has lower antibodies content than 
non-fetal serum. Cell survival in a culture medium rely on growth factors for cell survival and 
proliferation. In addition, the FBS has lower complement protein levels, reducing the chance of 
cell lysing and interference of future immunoassays.   
Ascorbic acid/Vitamin C 
L-ascorbic acid also known as Vitamin C is an essential cofactor and antioxidant for lysyl 
hydroxylase and prolyl hydroxylase, enzymes essential for collagen biosynthesis and regulation 
of development. Collagen synthesis stimulation is accomplished via ascorbic acid. Without the 
presence of ascorbic acid for collagen synthesis, deficiency and abnormalities in collagen and 
bone formation occur. Deficiencies in vitamin C can lead to conditions such as scurvy which 
causes gingiva, bone pain and impairs wound healing38.  
 
Neonatal Calvaria Harvesting and Culturing Osteoblasts 
After the approval from the Institute of Animal Care and Use Committee, 5-7-day old neonatal 
CD-1 mice calvaria were harvested under sterile conditions (Charles River Laboratories, MA). 
The mice were sacrificed via humane dislocation. The mice are then sprayed with 70% ethyl 
alcohol to clean and disinfect the body before dissection. Dissection was done under sterile 





and the two frontal lobes, and then washed briefly in culture medium. The harvested samples 
were placed on stainless grids in small tissue culture dishes (35 mm × 10 mm, Corning Inc., NY) 
such that the bone was elevated and the media formed a thin film over the bone surface and 
incubated at 37°C with 5% CO2 in a tissue culture incubator (NAPCO, Winchester, VA)39,40 
In order to harvest osteoblasts needed for the proposed experimental model, harvested neonatal 
mouse calvaria must be broken down then cultured. 10 neonatal mouse calvaria were harvested 
and placed in a 15mL tube and washed with 5mL PBS. The PBS was then discarded. 5mL 
of .25% trypsin (500 µL per calvaria) was added and incubated for 30 minutes at 37°C. The 
trypsin was removed and calvaria washed with 5mL of aMEM. A 0.2% solution of collagenase 
was made using 20 mg powder collagenase and 10mL aMEM. 5mL of 0.2% collagenase 
solution was added and incubated for 30 minutes at 37°C. The solution is removed and replaced 
with additional collagenase and incubated for 1 hour at 37°C. The calvaria are then centrifuged at 
2000 RPM and supernatant removed. The calvaria is rinsed with 5mL aMEM then centrifuged 
for 5 minutes at 2000 RPM. The supernatant was then removed and pellet resuspended in 10mL 
of aMEM. Cell count was completed. 5mL was added to two 10 cm dishes and incubated at 
37°C41. Culture media was replaced every 2-3 days. Cell passage was used for subsequent 
experiments.  
Bone Formation Model 
For the bone formation model, the culture media containing BSA was supplemented 
with 150 µg/ml vitamin C (Sigma-Aldrich, Co.) in 2 ml of bone culture media. Eight groups 
were designed in the formation model with N=3; (a) calvaria cultured in media only with 





media with collagen, (d) calvaria cultured with vitamin C media with NuOss, (e) calvaria 
treated with repeated dose of 10 nM insulin media with collagen, (f) calvaria treated with 
repeated dose of 10 nM insulin media with NuOss,  calvaria cultured in media with the addition 
of vitamin C, (g) calvaria treated with addition of insulin and Vitamin C with collagen, and (h) ) 
calvaria treated with addition of insulin and Vitamin C with NuOss. The experiment was done 
for 18 days. 
 
Two-Dimensional In-Vitro Osteoblast Isolation 
From previously harvested and passaged osteoblast, cells were placed into four 6 well plates. The 
purpose was to determine the effect of different experimental media on osteoblasts. The four 
experimental groups (N=6) were (Table 1) (a) osteoblast with plain DMEM media, (b) 
osteoblasts with Vitamin C DMEM media, (c) osteoblasts with insulin DMEM media, (f) 
osteoblasts with Vitamin C and insulin DMEM media. A cell count at plating was done. The 
experiment lasted 18 days with experimental media changed every 2-3 days. Neutral red staining 
was as done on one well each. The media was removed and the wells were fixed with 1mL 10% 
neutral buffered formalin and allowed to sit for 2 hours at room temperature. The formalin was 
removed and 1mL of 2% silver nitrate added for 30 minutes. The remaining wells were prepared 
for cell counting, Media was removed using 0.1% trypsin for 30 minutes at 37°C. The trypsin 






Table 1: Experimental groups for 2D In-Vitro osteoblast  
Total 24 each group (N=6 in each group) 
 
Figure 5: Timetable for 2D In-Vitro Osteoblast Culture 
Three-Dimensional Ex-Vivo Live Bone Microenvironment 
The isolated calvaria were cultured in the media for 48 hours. A 2 mm critical bone defect was 
created on the parietal bone of the calvaria using hand tissue punch (Figure 5). All injuries were 
standardized to create the same amount of bone damage in size by using the same instrument for 
all the groups. Culture media with the addition of FBS was supplemented with freshly made 150 
µg/ml (≈1 mM) ascorbic acid (Sigma-Aldrich, Co.) or 10 nM insulin in 2 ml of culture media, or 





having N=3 (Table 2). The experimental groups are as follows: (a) calvaria without osteoblasts 
with collagen scaffold with Vitamin C media, (b) calvaria without osteoblasts with NuOss 
scaffold with Vitamin C media, (c) calvaria with osteoblasts with collagen scaffold with Vitamin 
C media, (d) calvaria with osteoblasts with NuOss scaffold with Vitamin C media. Each scaffold 
(NuOss or collagen) received osteoblasts suspended in 10 µL of media. The calvaria were placed 
on the grid and experimental media was replaced every 2-3 days. Each experiment lasted for 18 
days. Calvaria were demineralized with 0.1 M of hydrochloric acid (HCL) for minimum of 2 
hours, then processed with 40 mM EDTA. Calvaria were fixed in 10 % formalin. The samples 
were then sent to the pathology department where they were paraffin sectioned (5 lm), and 
stained with hematoxylin and eosin (H&E, Boston Medical Center, Department of Pathology 
core facility) for histological analysis. (Figure 8). 
 
 
Table 2: 3D Ex-Vivo Live Bone Microenvironment with  






Figure 6: Surgical Intervention 
2 mm critical bone defect (left), collagen membrane scaffold placed into defect 
 
Figure 7: Ex-Vivo Calvaria Culture 
Cartoon schematic of the ex-vivo live bone organ microenvironment with defect and plugged 







Figure 8: Timetable for Ex-Vivo Calvaria Culture 
 
Three-Dimensional Live Bone Microenvironment with Chick Chorioallantoic membrane 
16 fertilized chicken eggs were incubated at 37°C with 60% humidity for 7 days, rotating the egg 
every day. At the end of 7 days, candling (Figure 10) was used to locate the embryo and veins. 
The area was marked and the embryonic membrane was dropped using a drill to create a small 
hole and negative pressure. The shell was removed over the desired area and the neonatal 
calvarial bone was placed on the embryonic membrane (Figure 11) 
The isolated calvaria were cultured in the media for 48 hours. A 2 mm critical bone defect was 
created on the parietal bone of the calvaria using hand tissue punch. All injuries were 
standardized to create the same amount of bone damage in size by using the same punch for all 
the groups. 16 calvaria were used. Previously harvested and 10 µL passaged osteoblasts were 
seeded into their respective scaffolds. The groups included collagen or NuOss scaffold with or 
without insulin DMEM media. There are 4 experimental groups (Table 3) with 16 calvaria total, 
each group with an N=4. The groups are as follows: (a) calvarial implant without osteoblasts 
with collagen scaffold with Vitamin C media, (b) calvarial implant without osteoblasts with 





scaffold with Vitamin C media, (d) calvarial implant with osteoblasts with NuOss scaffold with 
Vitamin C media. According to the CAM model, the angiogenesis is achieved through 
understanding of the anatomy of the chick and egg (Figure 12). The egg is an isolated unit that 
allows the chick to develop without need of nutrition from the outside before hatching. The 
amnion protects the embryo in a fluid-filled cavity that serves as a cushion. The allantois holds 
metabolic wastes produced by the embryo, and the chorion exchanges gases between the embryo 
and the air. The yolk sac provides nutrients; other nutrients are stored in the albumen. At the end 
of 10 days, chicken embryo were terminated and the calvarial bones extracted (Figure 13) to be 












samples and N=4 for each group
 
Figure 9: Timetable for Three-Dimensional CAM model 
 





Light source from below is used to illuminate the egg for embryo location and vein identification 
in order to know where on the amnion membrane the calvaria will be placed.  
 
Figure 11: Window in Egg  
A window is created in the egg after dropping the egg amnion membrane. Two holes (one over 
the natural egg air space and another over the identified veins) are created using a drill. Through 
the hole over the natural egg air space, suction is created to drop the amnion membrane, allowing 
the shell to be removed without disruption the membrane. The calvaria is placed upon the veins, 
and the window is covered in scotch tape and returned to the incubator. The experiment 






Figure 12: Cartoon of Fertilized Egg Structures 
The amniotic egg contains several membranes that allowed animals to live a fully terrestrial 
lifestyle. The amnion protects the embryo in a fluid-filled cavity that serves as a cushion. The 
allantois holds metabolic wastes produced by the embryo. The chorion exchanges gases between 
the embryo and the air. The yolk sac provides nutrients; other nutrients are stored in the albumen 









Figure 13: Implanted Calvaria observed on the Amion Membrane 
Experiment at conclusion on embryonic membrane where calvaria is extracted.  
 
Neutral Red (NR), Silver Nitrate and Histological Evaluation 
Additional two wells from each group were stained with neutral red (NR, Sigma-Aldrich Co.) to 
visualize general osteoblastic activity. A 70 µg/ml NR was added to the media and cells were 
incubated for 45 min at 37°C. Stained cells were then observed under microscope. NR has been 
known to provide quantitative estimation of osteoblast activity. Osteoblast cells are capable of 
uptake of NR, allowing clear contrast between osteoclasts and other bone cells. After observation 
the osteoblasts were washed with PBS, before fixation in 10% formalin overnight. The 
osteoblasts were washed once more with PBS and counter stained with 2% silver nitrate (Sigma- 





visualization of the mineralized areas. Silver nitrate staining was done on two samples each of 







Two-Dimensional In-Vitro Osteoblast Isolation 
Cellular activity was observed by staining osteoblasts with neutral red. Cells cultured with 
DMEM alone versus cells grown with DMEM with vitamin C did not show a difference in cell 
proliferation rate (Figure 14). Cells cultured with DMEM media and insulin induced a 
morphological change in the cells not seen in the control or vitamin C media groups. Cells 
cultured with the combination vitamin C and insulin DMEM media showed the same 
morphological change seen in the insulin media group (Figure 15). Osteoblasts were stained 
using silver nitrate to visualize calcium deposits. Calcium deposits will absorb the staining and 
appear dark under microscopic evaluation. The control showed now evidence of calcium deposit 
staining. Osteoblasts cultured with DMEM media and Vitamin C showed small deposits of 
calcium. Osteoblasts cultured with DMEM and insulin media had small calcium deposits and 
morphological change of the cells. Cells cultured with DMEM with the addition of both Vitamin 
C and insulin showed some cell morphologic change as well as increased calcium deposits when 













Figure 14: Isolated osteoblasts proliferation by various stimuli 
Obsteoblasts were isolated from CD-1 neonatal mice (5-7 days) described in the materials and 
methods. Cells (initial cell number approximately 500) were incubated in the 6-well culture dish 
(diameter) with 2.0 ml of alpha MEM supplemented with or without Vitamin C (1mM) and / or 
Insulin (10nM) for 18 days at 37°C under 5% CO2 circumstance. There is no significant 









Figure 15: Histological analysis of cellular activity by various stimuli 
Cells were stained with neural red in order to observe cellular activity including proliferation rate 
and morphological change. Vitamin C did not change cell shape. However, Insulin and Vitamin C 













Figure 16: Histological analysis of calcium deposit by various stimuli 
Cells were stained with silver nitrate in order to observe calcium deposit. There was no calcium 
deposit in the control group. Vitamin C slightly induced calcium deposit. However, Insulin and 
Vitamin C + Insulin induced more calcium deposit with morphological change compared to other 
groups.  






The ex-vivo live bone microenvironment has both adequate cells and scaffold, but insufficient 
nutrition. The calvarial samples with a collagen membrane scaffold showed proliferation of 
lining cells (Figure 17); however, even samples with additional osteoblasts are not able to form 
new bone or vessels, limiting the cell proliferation local to lining cells, due to inadequate 
nutrition. No significant difference was sensed among the differing experimental media groups. 
Collagen membrane scaffolds had proliferation of lining cells, while the proliferation of cells 
was not seen in NuOss xenograft with collagen samples (Figure 18). There was no difference in 
cell proliferation in any NuOss samples among different experimental media or with or without 
addition of osteoblasts to the scaffold. 
 
Figure 17: Ex-Vivo Live Bone Microenvironment with Collagen Membrane 
2mm diameter of critical defect was made on the center of calvaria and implanted collagen 
membrane with or without extra osteoblasts isolated from calvaria and with different 
experimental media (vitamin C, insulin, and combination). The experiment last for 30 days. Cell 





bone regeneration and few cells suspended within the collagen membrane. No new vessels or 
new osteoid was seen in collagen samples with or without the addition of osteoblasts or with a 
specific experimental media.   
 
Figure 18: Ex-Vivo Live Bone Microenvironment with NuOss 
2mm diameter of critical defect was made on the center of calvaria and implanted collagen 
membrane with or without extra osteoblasts isolated from calvaria and with different 
experimental media (vitamin C, insulin, and combination). The experiment last for 30 days. 
Original bone and lining cells are limited within sample with NuOss with collagen membrane. 
There is little cell proliferation and few cells present within the scaffold itself in samples with or 






Three-Dimensional Live Bone Microenvironment with Chick Chorioallantoic Membrane 
Evaluation of the histological samples with collagen implant revealed the addition of osteoblasts 
showed more osteoid when compared to samples without additional osteoblast application. With 
the aid of nutrition and vasculature from the amnion membrane, the cells close to the original 
calvarial implant proliferated. Cells far from the nutrition survived but did not proliferate. Even 
though the sample is separated by a membrane similar to a cyst with cilia, there are numerous 
endothelial cells and blood vessels. Near the blood vessel there is a more activated phase of the 
lining cells of the bone with osteoid. Farther from the blood supply the collagen and cells are 
present but not in abundance due to distance from original cells and low proliferation. 
Fibroblasts are more numerous the farther one is from the original calvarial implant and blood 
supply. There is also presence of cilia along the amnion membrane due to the embryo 
recognizing the calvarial implant as not self. 
Figure 16a shows developing osteoid and artery formation within the collagen implant of the 
calvaria. Figure 19b increased cell activity and proliferation when compared to figure 19a as well 
as more developed osteoid and increased vessel numbers. Histological evaluation of the calvarial 
samples with NuOss implant revealed no significant difference between samples with or without 
the addition of osteoblasts. The addition of osteoblasts does not appear to create osteoinductive 
capability within the defects. Vascularity of the sample is less than the collagen samples in 
Figure 19. Figure 20a and 20b show similar development and size of vessels. Fibroblast activity 
within both samples are similar, with increased activity of cells with increased proximity to 
original lining cells. Stability of the implanted scaffold within the critical defect as well as 
NuOss particle size may be a determining factor in the ability for seeded osteoblasts to establish 





length of the experiment time (10 days) is insufficient for resorption and replacement of NuOss 




Figure 19: In Vivo Transplant in the Egg (Collagen Membrane as scaffold) 
A 2mm diameter of critical defect was made on the center of the calvaria and implanted collagen 
membrane with or without extra osteoblasts isolated from calvaria.  Surgically modified calvaria 
were implanted on the inner membrane of egg prior to incubation in ex-vivo static condition for 
2 days as described in the materials and methods. Calvaria were incubated in the egg for 10 days. 
Extra osteoblasts induced more bone formation with lining cells along with new blood vessels 
that supplied from chicken egg. The sample with additional osteoblasts showed more osteoid, 








Figure 20: In Vivo Transplant in the EGG (NuOss as scaffold) 
A 2mm diameter of critical defect was made on the center of calvaria and implanted NuOss 
(collagen plus xenograft particulates) with or without extra osteoblasts isolated from calvaria.  
Surgically modified calvaria were implanted on the inner membrane of egg prior to incubation in 
ex-vivo static condition for 2 days as described in the materials and methods. Calvaria were 
incubated in the egg for 10 days. 
There was no induction of bone formation without lining cells. The new blood was less than 










The cell cycle is an important when considering the differentiation of the multiple cell types 
needed for bone formation. The cell cycle closely regulates the differentiation of specialized cells 
and through this relationship complex development of complex organs occurs. Cell number and 
growth is maintained via the cell cycle and its progression is regulated through developmental 
signals. Each cell type has its own specific needs and requirements for proliferation and 
differentiation.42 In the case of bone remodeling, it is a complex cell cycle system where both 
osteoblasts and osteoclasts interact with insulin within the body to push the bone cell cycle from 
mesenchymal cell, to pre-osteoblast, to mature osteoblast, and osteocyte43,44. Our experiment 
attempted to regenerate bone and use experimental media to drive the cell cycle using scaffolds 
and nutrition of various means. Within this experiment the main factors used to push the cell 
cycle was vitamin C and insulin, which have been shown to regulate growth factors within the 
bone remodeling cycle45. Although there are specific experimental aims which limit the addition 
of our experimental media, it is most likely that media alone is not enough to recreate in-vivo 
cell replication and organization and further consideration must be made to determine what is 
needed to drive the cell cycle to coordinated orientation of tissue regeneration. 
 
Essential Components for Tissue Engineering 
Bone is a dynamic organ with a complete process of anabolic and catabolic procedures. Under an 
ideal environment the rates of formation and resorption have balanced. In cases of a critical 
defect in bone, the ability to form bone is diminished due to infection, inadequate would 





cells, a scaffold, and adequate nutrient supply46,47. In order to improve the cellular component, 
osteoblasts were harvested and placed within the scaffold then compared to samples with a sole 
cellular supply of the surrounding calvarial bone. Two scaffolds, collagen and NuOss with 
collagen, were tested to determine their ability to aid in the healing process of a critical defect. In 
our ex-vivo model the nutrition is received via a constant supply of experimental media with the 
role of vitamin C and insulin and combination explored. Expanding on nutrition was done by 
implanting the calvaria onto the chorioallantoic membrane of a fertilized and growing chicken 
embryo in order to take advantage of natural vascularity48. 
 
Vitamin C and Insulin Effect on In-Vitro Osteoblast Culture 
 
Osteoblasts were harvested from neonatal mouse calvaria and grown in an in-vitro environment 
to determine the effects of different additions to media on osteoblasts. Using plain DMEM 
versus DMEM supplemented with Vitamin C did not show a statistically significant change in 
the proliferation or differentiation of the cells. Studies have shown that Vitamin C is a key factor 
in the differentiation of precursor cells to mature osteoblasts44. However, since the calvaria were 
processed specifically to isolate osteoblasts, rather than a precursor cell to be differentiated, it is 
clear there would be no statistical difference in the number of cells in the control media versus 
the Vitamin C media. When comparing silver nitrate staining of cells cultured with control media 
versus Vitamin C media revealed there was a small amount of calcium deposit within the cells. 
The cells cultured with insulin showed a morphological change when compared to cells cultured 
with control media or Vitamin C media. Insulin’s effects on the bone remodeling pathway 
revealed insulin activates pathways which stimulate induction of RANK and osteocalcin 
production; therefore, insulin causes differentiation of osteoclasts in a dose and time dependent 





inability to proliferate or differentiate osteoblasts43. Insulin’s role in both the differentiation of 
osteoblasts would explain the change in cell appearance seen within cells cultured with 
osteoblasts. Moreover, cells cultured with insulin only media showed some calcium deposits 
when stained with silver nitrate. Cells cultured in media with both Vitamin C and insulin showed 
morphological changes as well as the most calcium deposits in silver nitrate staining. This is due 
to the additive effect of vitamin C’s effect on collagen production and insulins ability to regulate 
osteoprotegrin43. The results of the two-dimensional in-vitro osteoblast experiment show vitamin 
C and insulin experimental media can produce minimal calcium deposit in the absence of an 
adequate scaffold. This shows that vitamin C and insulin have an effect on the production of 
osteoblasts within an in-vitro environment and insulin can induce a morphological change. We 
concluded that additional experiments should explore how vitamin C and insulin would affect 
osteoblasts within a scaffold implanted into an ex-vivo live bone microenvironment.  
Three-Dimensional Ex-Vivo Live Bone Microenvironment 
 
After it was established that the osteoblasts require at least vitamin C to create mineralization, 
the experiment was taken a step further49. A live bone organ culture micro environment was used 
to test the effects experimental media, scaffolds, and the additional of native harvested 
osteoblasts would have on bone formation. Two mm bone defects were created to determine the 
effects of the experimental parameters, as 2 mm is a critical defect within this scenario50. The 
neonatal mouse calvaria were placed on a grid and assigned experimental media, scaffold, with 
or without osteoblast addition. Although this experimental model has cells, from the calvaria as 
well as the addition of osteoblasts, and an adequate scaffold, the culture media does not allow 





 When comparing the two scaffolds, a collagen membrane demonstrated an increased ability for 
cells to migrate and begin forming additional osteoblasts49. The samples with vitamin C media 
revealed an increase in the number of cells around the original lining cells and thickening of 
original calvarial implant. Samples with insulin only media did not have increase in original 
calvarial implant thickness. This is due to the dual role insulin plays within the homeostasis of 
bone remodeling and the need for vitamin C for collagen synthesis to create a matrix for 
mineralization, as well as lack of adequate nutrition. The addition of osteoblasts is not enough to 
regenerate bone without appropriate nutrient supply. With the insulin only group both scaffolds 
showed less cell proliferation, with the “no osteoblasts added” groups having significantly 
reduced cells51. Within the NuOss samples, the size of the particles acted as a deterrent to 
cellular movement, in addition to being a more unstable material than collagen within the 
calvaria. Although studies done clinical showed a larger size particle has increased osteoid 
formation in sinus lifts, the large particle size had a deleterious effect in this case52. The results 
of our three-dimensional ex-vivo live bone microenvironment revealed that even with an 
addition of cells within a collagen membrane, new bone formation cannot occur without a more 
substantial nutritional source. NuOss implants with collagen showed a poor result of bone 
formation. This result is significant due to the deleterious effect the NuOss particle size and 
stability had one the lining cells, reducing their proliferation. This finding is applicable in any 
situation where a critical defect is present in a patient and would affect the clinician’s decision of 
particle size and type. Especially in dentistry where clinician’s may encounter small infrabony 
defects, a larger size particle will be less stable and with not allow for adequate space for cell 





Three-Dimensional Live Bone Microenvironment with Chick Chorioallantoic Membrane 
Model 
As seen in ex-vivo live bone organ culture, having two components, scaffolds and additional 
cells, without nutrition adequate collagen formation and mineralization cannot be accomplished. 
Ex-vivo model was moved from the grid system to the egg amnion membrane. The CAM model 
has been used to study angiogenesis. Our ex-vivo model has been adjusted in order to take 
advantage of the established CAM model as a means of nutrition that cannot be supplied from 
experimental media alone37. 
Collagen Membrane as Scaffold 
At the time of harvesting the calvarial implants from the egg, the amnion membrane from the 
egg had been formed around the sample. Histologic evaluation revealed blood supply was being 
provided from the egg to the calvarial sample. New bone formation and new blood vessels were 
observed within the sample37. In the collagen sample group that received additional osteoblasts, 
more lining cells and more bone formation was seen than in the group that did not receive 
supplemental cells. The same observation was not seen in the NuOss scaffold group.  
Xenograft with Collagen Membrane as Scaffold 
The samples with NuOss scaffold were also covered with amnion membrane seen in the collagen 
scaffold group; however, no additional bone formation or vessel formation was observed. Lack 
of formation seen in the other collagen groups suggests the particle size was too large relative to 
the defects created53.This could also be due to the reduced cell proliferation in Xenograft 
particles as reported by Rombouts54. The size of the xenograft reduced the angiogenesis 





have a successful scaffold for regeneration the scaffold must be stable, have enough space for 
cellular migration, and additional space required for angiogenesis37.  
 
The results from our calvarial egg amnion experiment suggest there must be sufficient cells and 
nutrients along with stable space maintenance to have bone formation. Our experimental model 
was a modification of the CAM model and precision cancer therapy which is used to study tumor 
formation, angiogenesis, and metastasis37. The specific capability of angiogenesis was 
particularly useful when attempting to expand our understand and limits of tissue engineering 
and bone formation. Although new bone formation was observed within the collagen scaffold 
calvarial implant group, it had no distinct organization or direction to its mineralization. The 
histology evaluated more closely approximated the appearance of a teratoma where organs are 
visible within a lining created by the amnion membrane, but have no discernable organization. 
These results show that sufficient cells, a stable scaffold, and abundant nutrition is needed for 




This study explored the aspect of tissue engineering and the ability to replicate bone formation 
within a three-dimensional live bone microenvironment in a chick chorioallantoic membrane 
model. In an in-vitro environment, a vitamin C and insulin media are able to produce small 
amount of calcium deposits, but without an appropriate scaffold, deposits are limited and 
unorganized. A morphological change is seen with the addition of insulin, a distinction from 
control media or vitamin C media. In an ex-vivo model, cells and a scaffold are in abundance, 





for bone regeneration. From this model we determined that collagen scaffolds allow for a more 
stable environment for lining cells to proliferate; however, even the addition of extra osteoblasts 
are not enough to produce new bone when angiogenesis has not occurred. Ex-vivo samples with 
NuOss and collagen scaffolds showed an inhibition of cell proliferation and no vessel or bone 
regeneration. We believe this is due to the instability of the particles and their size in ratio to the 
critical defect. The size of the NuOss particles eliminated cellular migration and did not allow for 
angiogenesis. Placing the calvarial samples on the amnion membrane provided a constant supply 
of nutrients not available within experimental media. The calvaria were covered with the amnion 
membrane confirming the CAM model is important when angiogenesis is needed for tissue 
engineering models. As seen in the ex-vivo model, the CAM model showed collagen was the 
superior scaffold. In the collagen scaffold samples, new osteoid developed and new vessels were 
growing within the scaffold. In the collagen samples with additional osteoblast, the effect was 
more pronounced, with more lining cell proliferation and new bone. As seen in the ex-vivo 
model, NuOss samples did not have bone for vessel formation. Similar conclusion could be made 
for the CAM model as seen in the ex-vivo model: instability of the scaffold and particle size 
eliminated lining cell proliferation and filled the space needed for cellular migration and 
angiogenesis.  
From our results we can conclude that sufficient amounts of cells and nutrition with stable space 
maintenance is required for bone formation. Unfortunately, the bone formation seen in CAM 
model is not organized and lacks direction. Nevertheless, the lining around the calvarial samples 
creates a structure that upon histological analysis appears to be similar to an ovarian teratoma. 
The sample is separated from the embryo via the amnion membrane, but the organs within have 
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